The utility of a cationic polymer polyethylenimines (PEI) for coating some commercially available silica-based stationary phases packed in capillaries of 0.32 mm i.d. and 10 cm long was studied for the separation and direct UV detection of inorganic anions (iodate, bromate, nitrite, bromide, and nitrate ions). With a super-endcapped octadecylated silica stationary phase, which yielded the best separation in terms of resolution and retention time of individual anions, the effect of the pH and composition of the eluent on the elution behavior of individual anions was studied. The relative standard deviations of the retention time, peak area and peak height for 60 successive injections (running time of more than 10 h) were not more than 1.32, 2.30 and 1.94, respectively, with the exceptions of the peak area and peak height of the bromate ion. The detection limits at 210 nm ranged from 1 to 7 ppm. This method was successfully applied to determine concentrations of nitrate ions present in pills and beverage samples.
Introduction
Since its introduction in 1975 by Small et al., 1 ion chromatography has become a routine analytical method for the determination of inorganic and organic ionic species present in various samples. Analytes can be separated due to differences in their electrostatic interactions with stationary phases packed in a column prior to moving into the detector. Most of stationary phases used in ion chromatography have charged or chargeable moieties that can interact with ionic analytes through attractive or repulsive electrostatic forces.
Although the stationary phases commonly used in reversed-phase liquid chromatography (LC) possess no ion exchange sites, they can be used for the separation of inorganic anions provided that they are dynamically or permanently coated with a quaternary ammonium salt, such as hexadecyltrimethylammonium, 2, 3 cethyltrimethylammonium, 4-7 hexadecylpyridinium, 8 and n-cetylpyridinium. 9, 10 Recently, Takeuchi et al. coated reversed-phase stationary phases with neutral polymers to separate inorganic anions. [11] [12] [13] [14] [15] Poly(oxyethelene) (POE) was dynamically coated onto a hydrophobic triacontyl-functionalized silica (C30) to be used for LC separation of some anions in seawater samples. 11, 12 Retention times of anions increased with increasing the electrolyte concentration in the eluent when lithium chloride, sodium chloride, potassium chloride, sodium sulfate, and magnesium sulfate were used; however, those of the anions decreased by increasing the concentration of ammonium sulfate in the eluent. Further, POE was chemically bonded to 3-aminopropyl silica and diol/C30 binary silica via the amino or diol groups on the surface of the stationary phase. [13] [14] [15] The permanent coating method led to the improvement of the long-term durability of the stationary phases. Despite the fact that the polymer-coated stationary phases have no ion-exchange sites, the authors argued that ion exchange was involved in the retention of analyte anions. 14, 15 The use of cationic polymers, polyethylenimines (PEI), was reported in capillary zone electrophoreses (CZE) and LC. PEI-coated capillaries were employed for CZE separation of inorganic anions, 16 organic acids 17 and proteins, [18] [19] [20] [21] [22] [23] where the reversal of electroosmotic flow occurred by the positively charged coating, allowing the fast separation of anions. PEI was also coated on silica-based packing materials to be used for the purpose of LC separation of oligonucleotides [24] [25] [26] and proteins. 27 PEI-modified zirconia was used for anion-exchange chromatography of oligonucleotides and oligodeoxynucleotides. 28, 29 PEI-modified polymer beads were utilized as anion-exchangers for the separation of proteins. 30 All of these separations were performed at pH values of either 6 or 7.4. To the authors' knowledge, there have been no reports regarding LC separation of inorganic anions on PEI-coated solid supports.
The aims of this study are to investigate the use of PEI-coated octadecylated silica (ODS) as well as unmodified silica stationary phases for capillary LC, and to characterize the separation performance of the dynamically coated PEI stationary phases used for separation of inorganic anions. For these purposes, the influences of the pH and composition of eluent on the separation are examined and the reproducibility of separation are studied. Finally, the proposed procedure is applied to the determination of nitrate ion in real samples.
solutions were of guaranteed reagent grade and were purchased from Wako Pure Chemical Industries (Osaka, Japan) and Kanto Chemical (Tokyo, Japan). A 30% (w/v) PEI (average molecular weight, 70000) solution was obtained from Wako Pure Chemical Industries and diluted with deionized water to be used as a coating solution. The PEI polymer used comprises 25% primary amine groups, 50% secondary amine groups, and 25% tertiary amine groups, which are linked by ethylene units. All solutions used in this study were prepared using deionized water which was produced in our laboratory by using a WG-23 water purification system (Yamato Scientific, Tokyo, Japan), and prior to use, filtrated with a 0.45-μm membrane filter. Stock solutions of anions were prepared in a concentration of 100 mM and diluted or mixed for calibration purposes. All standard solutions were stored in polyethylene containers to maintain the concentration.
Apparatus
Eluents were delivered at 4.0 μL/min by a Model 8301 micro feeder (L.TEX Co., Tokyo, Japan) equipped with a 0.5-mL gas-tight syringe. Sample injections were made by a Model M435 micro injection valve (internal dead volume, 50 nL; Upchurch Scientific, Oak Harbor, WA) equipped with a fused silica capillary loop of 50 μm i.d. and 76 mm length, providing the sample loading of 0.20 μL. Detection was performed at 210 nm with a Model 870 UV detector (Jasco, Tokyo, Japan) equipped with flow cell made of a 50-μm i.d. fused silica capillary. The flow cell capillary was directly connected to the column and the detection window was located at 50 mm from the inlet end of the flow cell capillary. The data were acquired by using a Chromato Monitor (Nippon Filcon, Tokyo, Japan). A Model VS-50R ultrasonic bath (As One, Osaka, Japan) and a Model FB-4000 centrifuge (Kurabo, Osaka, Japan) were used for the preparation of real samples.
Column preparation and coating procedure
Every column used in this study was made of a piece of fused silica tubing of 0.32 mm i.d., 0.45 mm o.d., and 10 cm length, obtained from GL Sciences (Tokyo, Japan). The columns were slurry-packed with commercially available packing materials: L-column2 ODS (5-μm particle diameter, super-endcapped ODS; CERI, Tokyo, Japan), ODS-A (5-μm particle diameter, unendcapped ODS; Nomura Chemical, Seto, Japan), Chemcosorb (5-μm particle diameter, silica gel; Chemco, Osaka, Japan), and TSKgel IC-Anion-PWXL (5-μm particle diameter, anion-exchange resin; Tosoh, Tokyo, Japan). The L-column2 ODS is a stationary phase that is prepared by the high-temperature vapor-phase end-capping technique, 31 which allows the silica support to be used with strongly acidic and basic aqueous solutions for a long period of time. The typical structure of the L-column2 ODS surface is shown in Fig. 1 . The L-column2 ODS, ODS-A and Chemcosorb column were flushed at a flow rate of 2 μL/min with an aqueous solution of PEI for 25 min, followed by rinsing with 200 mM potassium chloride for 2 h at a flow rate of 4 μL/min.
Preparation of vegetable juice samples
A 294-mg amount of vegetable pills, obtained from a local drug store, was dissolved in 25-mL of deionized water by using a volumetric flask with ultrasonic agitation for 20 min. The solution was centrifuged at 12000-rpm for 15 min, followed by filtration with a 0.45-μm membrane filter prior to injection.
Vegetable juice was 4-fold diluted with deionized water, followed by centrifugation and filtration as in the preparation of vegetable pill samples.
Results and Discussion

Coating conditions
Due to the high viscosity, the commercially available PEI solution as purchased showed unacceptably high pressure when pumped into the packed capillary columns; accordingly, the PEI solution was diluted with deionized water to one-twentieth of the original concentration.
With the intention of finding the required volume of the diluted PEI solution to allow sufficient coating of the stationary phase (L-Column2 ODS, ODS-A or Chemcosorb) packed in a column, the flushing volume to the PEI coating solution was varied from 50 to 200 μL; then each column was washed with 480 μL of 250 mM KCl in deionized water. It was found that there was no difference in the elution time of the anions in the range of the flushing volume examined. Therefore, 50 μL of ~1.5% (w/v) PEI solution was hereafter used for coating of the stationary phases.
Effect of the pH and composition of eluent
The elution time of anions was found to be strongly dependent on the pH and on the KCl concentration of the eluent. In order to investigate the effect of pH, a solution of 0.1 M NaOH or 0.1 M HCl was added to deionized water and used for eluting anions from a PEI-coated L-column2 ODS column. The elution of the examined anions showed a clear pH-dependency; i.e., slower elution under acidic conditions, faster elution under alkaline conditions (Fig. 2) . At pH 8.5, individual anions are resolved in a reasonable time. At pH 3.6, iodate ion elutes after bromate and nitrite ions; the cause is now under study.
The dependency of the elution time of anions on the KCl concentration in eluent was investigated. As expected, the elution of the anions became faster with higher concentrations of KCl in the eluent (Fig. 3) ; the slopes of the linear plots are approximately -1. Taking into account the elution time and resolution, we used a 25 mM KCl (pH 8.5) solution in subsequent experiments.
Effect of type of stationary phase
The separation of inorganic anions was investigated with different silica-based stationary phases: super-endcapped ODS (L-column2), unendcapped ODS (ODS-A), and bare silica (Chemcosorb). These stationary phases were separately packed into a capillary and treated with solutions of PEI and KCl as mentioned in Experimental. Figure 4 shows the separation of five anions on the PEI-coated columns. Because of the hydrophobic nature of the ethylene units, PEI is supposed to interact with and bind to the hydrophobic chains (octadecyl and methyl groups) of the super-endcapped ODS phase. As for the bare silica stationary phase, PEI can be immobilized to the silica surface via attractive electrostatic interactions between the silanol groups on the silica surface and the primary, secondary, and tertiary amine groups of the polymer chain at pH 8.5, since silanols are completely ionized at alkaline pH and the pKa values of these amines are in the range of 10.5 -11.0. In the case of the unendcapped ODS stationary phase, both hydrophobic and electrostatic interactions are involved in the PEI sorption on the stationary phase. After PEI-coating, all the stationary phases are endowed with anion-exchange ability, and therefore, every stationary phase can be used to separate anions by way of an ion-exchange mechanism (as evidenced by the chromatograms in Fig. 4 ). It can be clearly seen that the resolution between bromate and nitrite ions is higher with the unendcapped ODS column than with the super-endcapped ODS column, while the peaks of bromide and nitrate ions that are well-separated with the super-endcapped ODS column overlap each other with the unendcapped ODS column, though the elution time of the last peak (nitrate ion) was almost the same for both the columns. The separation of the five anions is accomplished even with the silica gel column, with the prolonged elution times of the anions. In addition, the elution order of bromide and nitrate ions was reversed on the silica gel column in comparison with the two ODS columns. This suggests that some interaction of silanols exists which is stronger with bromide ions than with nitrate ions.
Validation
The five inorganic anions were separated on the PEI-coated, super-endcapped ODS column with the eluent of 25 mM KCl aqueous solution. Calibration curves were constructed for the anions using the heights of the chromatographic peaks measured at five concentrations of 0.1 -2 mM. Table 1 demonstrates the good linearity of the method, as revealed by the coefficient of determination (abbreviated R 2 , the square of the correlation coefficient) ranging from 0.992 to 0.999. The detection limits for the anions, which were directly detected at 210 nm, are also given in Table 1 . The values ranged from 1 to 3 ppm for the anions, with the exception of bromate ions that weakly absorb at 210 nm compared with other ions. Table 1 also summarizes the reproducibility of the elution time, the peak area and the peak height of the five anions for 60 successive injections (total running time of over 10 h). The values of relative standard deviation (RSD) for retention time, peak area and peak height for 60 successive injections (running time of more than 10 h) were not more than 1.32, 2.30 and 1.94, respectively, except those for the peak area and peak height of bromate ions. 
Application to real samples
The present method was applied to the determination of nitrate ions in vegetable pills and juice samples. Figures 5(A) and 5(B) show representative chromatograms obtained for determining nitrate ion in vegetable pills and juice, respectively. In both chromatograms, several peaks appear before the nitrate ion; although identification of those species was not performed in this work. The concentrations of nitrate ion contained in the pills and juice were found to be 2.2 and 80 mg/L, respectively.
Cross-checking experiments
The data obtained by using the PEI-coated, super-endcapped ODS column were compared with those obtained using an anion-exchange resin (TSKgel IC-Anion-PWXL) packed column. With a 25 mM KCl eluent, the last peak (nitrate ion) was eluted at the same time on both columns. It is evident from Table 2 that the results obtained with these columns are in good agreement with each other.
Conclusions
This research has demonstrated that a simple coating of PEI on a super-endcapped ODS stationary phase packed in a capillary could be used for separation of inorganic anions under alkaline conditions. The benefit of using an NaOH eluent is that faster elution of anions with adequate resolution is attained. Additionally, it may be feasible to use an NaOH eluent for suppressed conductivity detection of anions to provide higher sensitivity. Because of the low injection volume of sample, capillary LC basically has lower sensitivity compared with conventional LC, especially when combined with an UV detector, and this is the case of this study, although even with UV detection in a capillary system, the method was successfully applied to the determination of nitrate ions in real samples. 
